The investigation of the characteristic luminescent response of Ce-doped silica fibers under exposure to electrons in the 20 -200 GeV energy range is reported in this work, in order to explore the feasibility to employ silica-based fibers for a simultaneous dual-readout approach. The sol-gel method allows to prepare either doped or undoped fibers with high aspect-ratio and good purity, providing good flexibility and spatial resolution for the realization of a dual-readout detector. The dual Cherenkov and scintillation light emitted by silica-based fibers potentially offers applications in highenergy physics calorimetry as well as in other different fields, like radiation monitoring in medicine, security, and industrial controls. The response of the fibers, embedded in a tungsten-copper absorber block to obtain a Spaghetti-like geometry in a high-energy physics environment, has been investigated through a test beam campaign at the CERN Super Proton Synchrotron (SPS) facility. The discrimination of Cherenkov and scintillation light is demonstrated and discussed, along with a detailed investigation of the scintillation properties of the material: time-resolved spectroscopy, relative light output, and attenuation length are evaluated. The results presented in this study can pave the way for further material engineering and future applications.
I. INTRODUCTION
Current and future ionizing radiation detectors need novel materials and concepts to improve and optimize their performances. The idea of fiber-shaped scintillation sensors has recently been developed: their application perspectives include devices for real-time dosimetry in medical systems [1] , for beam monitoring and tracking [2] , as well as high-granularity calorimeters for highenergy physics (HEP) experiments [3] [4] [5] [6] . Based on the possibility of growing a great variety of fiber shapes and lengths, several calorimeter designs have been proposed [7] , exploiting the flexibility of fibers to adapt for various needs. Indeed, fibers could be applied either as wavelength shifters for the collection and transport of light [8] , or as scintillators and Cherenkov radiators in sampling and dual-readout calorimeters. In fact, fiber technology can allow a cost-effective implementation of the dual-readout approach to HEP measurements. Moreover, fibers enable the design of detectors with high spatial resolution, good timing properties, and radiation tolerance, which are essential requirements for future calorimeters [9] .
The dual-readout calorimetry has been proposed as a technique to determine the electromagnetic shower frac-tion for individual events, by comparing on an eventby-event basis the signals generated in the form of Cherenkov and scintillation light [10] . It has recently been considered to improve the performance of hadronic calorimeters at future collider experiments (i.e. for the forthcoming High Luminosity Phase of the Large Hadron Collider at CERN) [11] . In fact, scintillation light is proportional to the total energy deposited by the electromagnetic shower particles, while Cherenkov light is produced only by charged, relativistic particles which are almost exclusively found in the electromagnetic shower component. Several approaches were suggested for the dual-readout concept: amongst them, either the use of two independent active media or the a posteriori decomposition of scintillation and Cherenkov components of the light emitted by a single material [12, 13] .
Besides HEP experiments, the dual-readout is involved also in several other fields. Indeed, dual Cherenkov and scintillation readout has also been proposed for calibrating and monitoring high-energy electron beam profiles in radiotherapy and for the optical imaging of ionizing radiation in the clinical field [14, 15] ; in addition, its use can be employed for applications in security, industrial X-ray imaging and radiography [16, 17] . Furthermore, the dual-readout can be exploited to probe the transport of solar energetic particles, allowing to cover the energy range from tens to hundreds of MeV with a single detector, as reported in [18] .
The research on fibers based on inorganic crystalline scintillators has seen a significant development in the recent years, and their use with rare earth (RE) ions as luminescent activators for high-energy radiation detection has already been intensively studied: Y 3 Al 5 O 12 (YAG):Ce single crystal fibers [19, 20] and Lu 3 Al 5 O 12 :Ce fibers grown by micro-pulling down technique [21, 22] have been characterized with beam tests and under high levels of γ and proton irradiation.
Moreover, it has been pointed out that scintillators based on glass matrices could be a good alternative to heavy crystals, because of their simpler preparation procedure, better shaping possibilities, faster pulling rates, and their lower costs of production [23] [24] [25] [26] . The sol-gel technique was proven to allow a good control, at a relatively low densification temperature, of RE ions incorporation and of their dispersion inside the glass matrix [27, 28] : the glass synthesis can be performed by using high purity precursors, reducing the level of unwanted impurities, which is an essential feature for the radiation hardness of such materials. Several studies were devoted to the realization of RE-doped silica glasses prepared by sol-gel route for HEP applications [29, 30] . Previous results proved that sol-gel silica-based fibers can be considered a good scintillator material with a suitable attenuation length: however, their radiation hardness has still to be optimized for applications in HEP experiments with very high levels of radiation [31] .
In this work, we present an in-depth investigation of the possibility and the potentiality to employ RE-doped silica fibers for the simultaneous Cherenkov and scintillation dual-readout approach. They are proposed as the active material in a Spaghetti-like electromagnetic calorimeter prototype (SpaCal in the following); their scintillation properties, as the results of a test with electrons beam in the energy range of 20 -200 GeV performed at the H4 beam line of the CERN SPS North Area facility, are also reported within the scope of this study.
II. EXPERIMENTAL SETUP AND PROCEDURE
A. Sol-gel silica fibers and SpaCal module
Ce-doped silica glasses were prepared by the solgel method using tetramethylorthosilicate (TMOS) and Ce(III) nitrate as precursors. Alcogels were formed after gelation and subsequently dried in a thermostatic chamber for a few weeks. The obtained xerogels were densified at 1225 ℃ in oxidizing (O 2 ) atmosphere to produce Ce-doped preforms. Cylindrical fibers were then drawn with a fluorinated SiO 2 cladding wrapping the RE-doped core, in order to guarantee the light guiding by the corecladding interface: the core diameter is 0.60 mm and the total fiber diameter is 0.75 mm. The numerical aperture of these fibers is estimated to be ∼ 0.17. Fibers were left uncoated and cut into 200 mm long pieces.
A tungsten-copper (W-Cu, 75%-25%) absorber block of total dimensions 60 x 60 x 200 mm 3 made of square 1.1 x 1.1 mm 2 holes, 1.8 mm apart, was filled with fibers to obtain a sampling SpaCal prototype, shown in Fig.  1(b) , in which the fibers are used as the active scintillating material. These dimensions and fiber packing were optimized according to practical constrains. Five distinct channels of fibers in the SpaCal module are sketched in Fig. 1(a) and filled with 80 fibers each, for a total bundle diameter of approximately 15 mm: fibers were YAG:Ce (central channel), 0.002% Ce-doped silica (top left), plastic Kuraray SCSF-3HF used as reference (top right), 0.05% and 0.0125% Ce-doped silica (bottom left and right respectively).
In this work, we decided to focus the investigation on the response of Ce-doped silica fibers with the highest concentration compared to that of plastic fibers.
A set of 6 Hamamatsu Photonics R5380 photomultiplier tubes (PMT) with bialkali photocathodes and borosilicate glass windows of 20 mm diameter were used to read out the light from the fibers in the SpaCal module: top channels were read out only from the rear side, bottom channels from both sides of the fibers, to exploit the use and the advantages of the double side readout technique [21, 31] . Silicon rubber optical interface (EJ-560, Eljen Technology) with refractive index of 1.43 was used to couple the fibers and the PMT window, in order to improve light extraction.
The module was mounted inside a light tight aluminum box providing optical and thermal insulation, with a water cooled system to maintain a constant temperature of 18 ± 0.5°C: the box was installed on a remotelycontrolled horizontal -vertical (x -y) table with a displacement range of ± 300 mm and positioning accuracy of ∼ 1 mm. The frame of reference used throughout this paper has the x -axis horizontal on the experimental table, the y-axis pointing vertically upwards, and the z -axis aligned and pointing in the same direction of the beam line. The module was exposed to the beam in two different configurations, described in Fig. 1(c) , hereafter referred to as pointing and transverse. In the former case, the beam was aligned with the fibers; the secondary particles, produced during the primary interaction of the high-energy electrons impacting on the absorber and denoted as shower, developed all along the fiber length, while laterally extending inside the fiber bundle. In fact, the transverse dimension containing on average 90% of the shower's energy deposition (Molière radius, [32] ) is estimated to be ∼ 17 mm. In this configuration, the analysis of the time decay of the emitted light intensity (denoted as pulse shape) and the study of the fibers response as a function of the varying incident beam energy were performed. In the transverse configuration, the beam was impinging at cross angle with respect to the fibers, in order to carry out an analysis of the attenuation profiles through a position scan, moving the table by discrete steps of ∼ 30 mm. 
B. Beam line
The experiments were performed at the H4 beam line of the CERN SPS North Area facility, which provides electron beams in the 20 GeV to 200 GeV range with hadron and muon contamination below 0.2%. Primary protons injected into the SPS interact with the T2 beryllium target to generate secondary particles including electrons and pions. The type and energy of the particles is selected after the target by a set of magnets and collimators. The incoming electrons are detected by a set of four plastic scintillation counters used to trigger the data acquisition system. 
C. Experimental procedure
The coincidence of signals from the beam counters has been used to generate the trigger for the event acquisition, while the hodoscopes allowed to reconstruct the impact point of the electrons on the SpaCal. The signals from the PMTs were digitized by a CAEN V1742 module operated at a sampling speed of 2.5 GHz and providing a time gate for the recorded pulses of 350 ns. The response of a particular channel varies with the impact point, due to the variation of the shower containment and the consequent change of the energy deposited within the active volume: the center of each channel was defined as the position where the maximum response was observed and this maximum was obtained by a fit to the measured response profiles using a 4 th -order polynomial, as illustrated in the right panels of Fig. 3 . This procedure allowed the module to be correctly centered on the beam. The left panel shows a plot of the beam profile in pointing configuration as detected by the rear PMT of the Ce-doped fibers channel. A beam spot selection of 2.5 mm radius from the center of the bundle, corresponding to a 20 mm 2 area, was applied to limit shower transverse leakage.
After the position of each channel was determined, the high voltage supplied to each PMT was adjusted to have the highest signal without saturation: it was set to 1700 V for Ce-doped silica fibers and 800 V for plastic fibers. This setting allowed the use of the same PMT gain for the whole energy scan in the 20 -200 GeV range.
Energy scans were performed with the beam incident on the center of each fibers bundle for 20, 50, 100, 150 and 200 GeV electrons.
As a last step, the whole box containing the module was rotated by 90 degrees clockwise in order to have the beam impacting on the lateral side of the fibers, allowing measurements of the attenuation length. A contour profile of the signal from Ce-doped silica fibers in this latter configuration is shown in Fig. 4 , as detected by the left PMT: it is the superposition of six different measurements obtained by shifting the detector in steps of 30 mm to allow the reconstruction of the attenuation profiles, further discussed in Section III D.
Before comparing the signals from different channels, the photodetectors have been intercalibrated in laboratory. The intercalibration coefficients account for channel-by-channel response variations, due to the photocathode quantum efficiency and fibers-to-PMT optical coupling, and variations mostly related to the different high voltage applied to fit within the analog-to-digital converter (ADC) dynamic range and thus different amplification gain.
In order to estimate the amount of light produced in each fibers bundle, an absolute calibration of the photodetector response was also performed. A Lu 2(1−x) Y 2x SiO 5 :Ce crystal of 1 mm 3 was used as reference and measured under exposure to a 137 Cs γ source with each PMT used in the test beam experiment: the reconstructed distribution was compared to that of a calibrated PMT to get the ADC-to-photoelectrons conversion factors.
III. TEST BEAM RESULTS AND DISCUSSION
The test beam experiment and the following analysis provide a thorough investigation of the scintillation properties of Ce-doped sol-gel silica fibers under highenergy electromagnetic particles. The response of these fibers to high-energy electrons has been studied for the first time with the SpaCal calorimetric module in both pointing and transverse configuration, thus allowing for an evaluation of scintillation decay time, light output, and attenuation length. The discussion will focus at first on the pulse shape analysis, and then on the reconstruction of the shower profile and energy. A method for Cherenkov and scintillation light discrimination is proposed to carry out a separate analysis of the two components of the emitted light, strengthening the possibility of Ce-doped silica fibers applications for simultaneous dual-readout.
A. Pulse shape analysis
The waveforms from the different types of fibers in the SpaCal module are recorded in a 350 ns time interval and reported in the top panel of Fig. 5 : they were calculated by averaging over the selected events for 150 GeV electrons having their impact point within 2.5 mm radius from the center of a given channel, as described in Section II C. SiO 2 :0.002%Ce doped fibers did not show any scintillation light, probably too weak to be detected, and no analysis was carried out on their luminescence decay.
In the following, the attention has thus focused on the comparison between SiO 2 :0.05% Ce and plastic fibers decays, which have been fitted by the sum of exponential contributions. Plastic fibers scintillation decay is characterized by a single component with decay time τ = 9 ± 1 ns, whereas Ce-doped silica fibers feature two contributions with τ 1 = 55 ± 5 ns and τ 2 = 145 ± 22 ns and fractional weights 26 ± 3% and 74 ± 3% respectively. The possible presence of a third faster component cannot be inferred by this analysis, because the first part of the decay is strongly influenced by the fast Cherenkov emission. In the bottom panel of Fig. 5 , the evolution of the decay time for the two components of Ce scintillation decay is reported as a function of incident beam energy: an overall slower scintillation decay time at the lowest energies can be observed for both the components. We suggest that this effect can be ascribed, from a general point of view, to a variation of the excitation density in the material with decreasing incident energy, which consequently leads to differences in the scintillation recombination kinetics [34] . This phenomenon will be the subject of further investigation, in order to deeply characterize and compare the scintillation kinetics of Ce-doped sol-gel silica fibers under various ionizing radiation sources with different distributions of excitation density in the material.
The decay times of Ce-doped fused silica fibers produced by dissolving the dopant in the glass matrix were reported by Akchurin et al. [26] and were evaluated to be 20.8 ± 5.4 ns and 93.0 ± 12.6 ns for τ 1 and τ 2 respectively in a 200 ns time window, but with similar fractional weights. The faster decay times, compared to those obtained in this study, can be ascribed to a different incorporation of Ce ions in the silica-based matrix, studied in [26] , containing a significant percentage of additional dopant ions, especially Al.
B. Cherenkov and scintillation light discrimination
for Ce-doped silica fibers
In Fig. 6 the average pulse shape of Ce-doped silica fibers is displayed as recorded by the back (red) and front (black) PMT and normalized to the maximum of the back signal. The prompt emission, enlarged in the first part of the decay, can be ascribed to the Cherenkov effect [5, [35] [36] [37] , occurring in both the RE-doped core and the fluorinated cladding of glass fibers; the convolution with the scintillation emission has to be taken into account and, in the following, a detailed analysis is carried out to distinguish the two contributions. Cherenkov light is emitted in the forward direction at a characteristic angle with respect to the track of the charged particle. Thus, Cherenkov signal is expected to be higher in the rear detector, confirmed by the amplitude of the peak in the first part of the waveform. On the other hand, scintillation emission is isotropic, and the same amount of scintillation light is expected in both rear and front detectors, as observed in the case of 150 GeV incident electrons (right panel). This occurs when the shower maximum falls approximately in the center of the fiber length, so that attenuation effects are the same for light traveling in the two directions. For the lowest energy of 20 GeV (Fig. 6 left panel) , the scintillation light in the front PMT is more intense than in the rear one, thus proving the dependence of the position of the maximum of the shower L max on the incident beam energy, described by Eq. 1 [38] , where X 0 = 0.8 cm is the radiation length [32] of the calorimeter prototype evaluated by Geant4 numerical simulation.
The average position of the shower maximum shifts towards the back of the absorber with the increase of the energy of incoming electrons: this change in the behavior of the shower profile along the longitudinal axis is expected to produce a different ratio R f b of the front (S f ront ) over back (S back ) signals measured at the two opposite ends of the fibers, defined in Eq. 2.
In the top panels of Fig. 7 , the value of R f b is plotted against the position of the maximum of the shower (L max ) in cm, in a semi-logarithmic scale. The average ratio R f b of the front and rear signal decreases due to the shift of the shower maximum towards the rear side of the absorber block at high energies. It has been evaluated for both Cherenkov (left panel) and scintillation light (right panel) and a clear correlation with the beam energy can be observed and used for an estimation of the attenuation length of the fibers with the calorimetric module in pointing configuration, as discussed in [5] . The attenuation values so obtained are L att, Ch = 9 ± 2 cm and L att, Scint = 25 ± 6 cm for Cherenkov and scintillation emission respectively. The different nature of Cherenkov and scintillation light can account for the different correlations displayed in Fig. 7 .
In the bottom panels, the ratio of the Cherenkov over scintillation signal as a function of beam energy is reported for the back (left) and front (right) readout, in order to evidence the different dependence of the two emissions on the shift of the shower maximum position towards the back of the module with increasing incident energy. Cherenkov light intensity increases in the back channel and decreases in the front channel faster than scintillation, with the shower maximum moving towards the back, thus suggesting a greater attenuation of UV Cherenkov photons. This result will be stressed in Section III D, where the attenuation length in transverse configuration is evaluated for both the emission contributions. The separate study of Cherenkov and scintillation signals has been carried out through an event-by-event pulse shape analysis, by integrating the waveform of the single selected event in different time intervals, namely in the first 5 ns for Cherenkov emission, and in the remaining part for the scintillation contribution. This method leads to an underestimation of the scintillation component because it does not take into account the scintillation signal emitted in the range 0 < t < 5 ns, and thus a reconstruction of the true scintillation integrated emission has to be performed exploiting the fit procedure carried out on the average waveform of Fig. 5 . By defining S and C the integrated scintillation and Cherenkov emissions in the two separated time intervals calculated event by event, we can estimate the true integrated signals S t and C t by solving the set of Eqs. 3, where a is the ratio between scintillation integrated signal evaluated at t > 5 ns and the extrapolation to t = 0 ns of the area under the exponential decay fit curve of the average pulse shape displayed in Fig. 5 .
This method has been used to reconstruct the distributions of photoelectrons for both Cherenkov and scintillation emission for 150 GeV electrons beam, reported as an example in top panels of Fig. 8 , where the ADCto-photoelectrons coefficients have also been taken into account. A difference of 3-4% in the evaluated amount of scintillation signal between front and back readout can be observed in the top right panel of Fig. 8 : it is comparable to the precision of the photodetectors calibration. A Gaussian fit has been performed on the reconstructed distributions in the 20 -200 GeV energy range to estimate the peak positions. In the bottom panels of Fig. 8 , the position of the peak, converted in photons and divided by the incident energy, is reported as a function of the incident energy itself: the light readout by the rear PMT shows a stronger non-proportionality with respect to the front readout. Such a behavior can be related to the displacement of the maximum of the shower as a function of the incident energy, combined, only for Cherenkov component, with the directionality of the emission. In any case it can be noticed that Cherenkov light contribution is only around 5% to 10% with respect to scintillation for all energies.
We can conclude that under exposure to high-energy particles beam probe, the two contributions of Cherenkov and scintillation light can be detected simultaneously with the same Ce-doped silica fibers bundle. A characteristic dual response of the fibers has been observed and the feasibility to carry out a well-distinguished analysis of the two components of the pulse shape has been demonstrated.
C. Energy reconstruction and linearity
The particle energy can be reconstructed by applying intercalibration coefficients, calculated as described in Section II C, and considering only events within a beam spot of 2.5 mm radius around the center of the fibers channel, in order to account only for electrons which develop the shower inside the fiber bundle. The total contribution has been summed up event by event to reconstruct the signal, taking into account the ADCto-photoelectrons calibration factors. Obtained distributions of the reconstructed amplitude in the 20 -200 GeV range are shown in the left panel of Fig. 9 for Ce-doped silica fibers and fitted with a Gaussian function to estimate the peak position and its width. The peak positions of the reconstructed amplitude distributions have then been converted in number of photoelectrons and reported in the right panel of Fig. 9 , where a good correlation with the incident beam energy can be observed. A comparison of the light output of the different types of fibers is reported in the right panel of Fig. 9 , thus showing that plastic fibers are brighter than Ce-doped silica fibers by a factor 1.5. It should be taken into account that the density of the plastic fibers (1.2 g/cm 3 ) is lower than that of silica fibers (2.2 g/cm 3 ), and therefore the incident beam deposits a lower fraction of energy in the plastic fibers channel. However, the higher density of silica fibers can be regarded as an advantage because it permits to devise calorimeters with a shorter Molière radius, compared to detectors using plastic fibers as the active component; the shower is thus confined in a more compact area.
The energy resolution σ E E of the reconstructed amplitude was found to decrease with increasing incident energy, thus following the expected trend [39] : at 200 GeV it could be estimated to be around 15%, which mainly accounts for contributions from the partial transverse shower containment within a single fiber bundle and from the non-uniformity of the fibers themselves.
D. Attenuation length of Ce-doped silica fiber A non-uniformity along the fiber length in the efficiency of the light extraction at the fiber ends, if not corrected for (e. g. by means of a double side readout [39] ), can affect the response and the performance with high-energy particles. A characterization of the photoluminescence emission attenuation length of Ce-doped silica fibers had already been carried out previously using a 370 nm pulsed LED as excitation source: the experimental procedure and results are accurately described in [31] .
The measurement has been repeated with 150 GeV electrons beam and the SpaCal module in transverse configuration, placing the table at 6 different x coordinates to obtain a nearly uniform scan of the entire length of the fibers. To enhance the signal, a beam spot selection of ± 2 mm along the y-axis has been applied for the computation of the energy deposit. Exploiting the double side readout technique, the transverse profiles have been analyzed, parametrizing the curve with a single exponential decay according to Eq. 4: S L and S R are the signals detected by the left and right PMT respectively, d is the distance and L att is the parameter for the characteristic attenuation length of the fiber to be calculated.
Normalized transverse profiles and their fit are reported in Fig. 10 : both single fibers (left) and fibers bundle in the SpaCal module (right) have been measured, the former being readout with two UV-sensitive H6610 Hamamatsu Photonics PMTs, using two blocks of iron and lead as pre-shower. The discrimination of Cherenkov and scintillation signals has been performed for the fibers in the SpaCal module, and the attenuation length values estimated with the fit procedure are L att, Ch = 12 ± 3 cm and L att, Scint = 23 ± 6 cm for Cherenkov and scintillation emission respectively. Cherenkov light was observed to have a shorter attenuation length, thus confirming results shown in Fig. 7 and described in Section III B: this could be ascribed to the fact that Cherenkov photons are mainly in the UV spectral region and have a higher probability therefore to be absorbed by Ce luminescent centers and by matrix defects. For single fibers, only the analysis of the scintillation signal was possible, due to the presence of spurious signal from the PMT windows. Scintillation attenuation length was found to be worse in the SpaCal configuration with respect to single fibers (L att, Scint = 35 ± 9 cm): this could be related to the silica cladding in contact with the absorber, leading to a variation of the refractive index at the fiber boundary and to a loss in the total internal reflection efficiency, which causes an increase of the light leakage before reaching the photodetector.
A further optimization of the fiber cladding geometry and a proper quenching of the cladding light propagation modes are thus suggested by this analysis, in order to improve the light extraction through total internal reflection. Nevertheless, the attenuation profile measured in the beam test for the single Ce-doped silica fiber is in good agreement with laboratory measurements [31] .
IV. CONCLUSIONS
Our results obtained under the exposure to highenergy electrons allowed a detailed investigation of the scintillation properties of Ce-doped sol-gel silica fibers embedded as the active component in a Spaghetti-like electromagnetic calorimeter prototype. The decay time of Ce 3+ scintillation, silica fiber attenuation length, and relative light output were evaluated by testing the SpaCal module both in pointing and transverse configurations with respect to the incident beam. The scintillation time decay was analyzed and the reconstruction of the shower profile and energy were addressed. The feasibility of a simultaneous dual-readout approach and the discrimination of Cherenkov and scintillation emitted light were demonstrated.This unique feature allows the realization of calorimeters made of a single type of fibers to read the dual emission, instead of two with either different doping or density. The presented results support the potential applications and perspectives of silica fibers for dual-readout calorimetry, as well as for beam monitoring, radiotherapy in the medical field, security, and industrial X-ray imaging. Further material engineering will look for the optimization of the fiber geometry, towards a complete quenching of the cladding propagation modes, to improve the light extraction from the fiber core together with the radiation hardness, in order to exploit the possibility that sol-gel silica offers to realize long either RE-doped or undoped silica fibers with good attenuation length in a costeffective way.
